Objectives Myocardial stunning provides additional nonperfusion markers of coronary artery disease (CAD), especially for severe multivessel CAD. The purpose of this study is to assess the influence of myocardial stunning to the changes of left ventricular mechanical dyssynchrony (LVMD) parameters between stress and rest gated singlephoton emission computed tomography (SPECT) myocardial perfusion imaging (MPI).
Myocardial stunning-induced left ventricular dyssynchrony on gated single-photon emission computed tomography myocardial perfusion imaging Objectives Myocardial stunning provides additional nonperfusion markers of coronary artery disease (CAD), especially for severe multivessel CAD. The purpose of this study is to assess the influence of myocardial stunning to the changes of left ventricular mechanical dyssynchrony (LVMD) parameters between stress and rest gated singlephoton emission computed tomography (SPECT) myocardial perfusion imaging (MPI).
Patients and methods A total of 113 consecutive patients (88 males and 25 females) who had undergone both stress and rest 99m
Tc-sestamibi gated SPECT MPI were retrospectively enrolled. Suspected or known patients with CAD were included if they had exercise stress MPI and moderate to severe myocardial ischemia. Segmental scores were summed for the three main coronary arteries according to standard myocardial perfusion territories, and then regional perfusion, wall motion, and wall thickening scores were measured. Myocardial stunning was defined as both ischemia and wall dysfunction within the same coronary artery territory. Patients were divided into the stunning group (n = 58) and nonstunning group (n = 55).
Results There was no significant difference of LVMD parameters between stress and rest in the nonstunning group. In the stunning group, phase SD and phase histogram bandwidth of contraction were significantly larger during stress than during rest (15. 
Introduction
Phase analysis on gated single-photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) is well established to measure left ventricular mechanical dyssynchrony (LVMD) [1] . LVMD has been found to relate with stress-induced myocardial ischemia [2] [3] [4] [5] . However, contradictory findings exist among these studies. Chen et al. [3] demonstrated different LVMD changes in ischemic, infarcted, and normal myocardium using gated 201 Tl SPECT MPI, which was acquired at 5-10 min after the start of stress. They found that in the ischemia group, LVMD parameters were significantly larger during stress than during rest. However, Singh et al. [4] reported a different result that early-stress LVMD parameters were lower as compared with that at rest using 201 Tl gated MPI. When 99m Tc-sestamibi was used, even presence of large reversible perfusion defects [reversible perfusion defects involving more than 10% of the left ventricular (LV) myocardium] did not alter the indices of LVMD because MPI was acquired 45-60 min after stress [6] . Zhou et al. [5] also reported no significant difference in LVMD parameters between rest and 60 min after stress on gated MPI using 99m Tc-sestamibi. However, other researchers found the evidence of stress-induced LVMD with 99m Tc-sestamibi when acquisitions were performed earlier than an hour after stress [7] [8] [9] .
Myocardial stunning is defined as myocardium with persistent contractile dysfunction despite the restoration of perfusion after a period of ischemia [10] . It lasts from minutes to days, which depends on the duration and severity of ischemia. LVMD in stress-induced ischemia is associated with stress-induced stunning, and different extent of ischemia burden may ascribe to the different results among these studies [2] [3] [4] [5] [6] [7] [8] [9] . Direct analysis about the correlation between LVMD and myocardial stunning may eliminate the influence of ischemia burden and stress acquisition time. The aim of this study is to assess the influence of myocardial stunning to the changes of LVMD parameters between stress and rest gated SPECT MPI in patients with suspected or known coronary artery disease (CAD).
Patients and methods

Patient population
A group of 1503 consecutive patients who had undergone both stress and rest 99m Tc-sestamibi myocardial perfusion SPECT in our center between January 2014 and August 2016 were retrospectively enrolled. Patients were included if they had exercise stress SPECT MPI and moderate to severe myocardial ischemia. Patients with history of pacemaker implantation, known rhythm abnormality (left and right bundle branch block), and ejection fraction (EF) less than 40% were excluded from the study. Patients who did not reach a more than or equal to 85% heart rate during exercise test were also excluded. Finally, data of 113 patients (88 males and 25 females, 61.6 5.65 years old) with suspected or known CAD were processed. The retrospective study was approved by the Institutional Ethical Committee of the First Affiliated Hospital of Nanjing Medical University.
Image acquisition and processing
The image acquisition and processing protocol were the same as those reported by our center [11] . A 2-day 99m Tc-sestamibi protocol was used. Patients underwent a symptom-limited treadmill test using standard Bruce protocol. Tc-sestamibi was injected when a more than or equal to 85% heart rate was achieved. Both stress and rest image acquisitions were started at 60 min after the administration of 99m Tc-sestamibi. Gated stress/rest myocardial SPECT was acquired using the Philips CardioMD (Philips, Cleveland, Ohio, USA) dual-head cameras with low-energy high-resolution collimators. An ECG R-wave detector provided gating to acquire eight frames per cardiac cycle. The R-R acceptance window for beat rejection was set to the average R-R duration 50%. Images were acquired over a 180°noncircular orbit from 45°right anterior oblique to 45°left posterior oblique, with 32 s per projection, 64 × 64 matrix, and 140 keV 20% energy window for emission images. Tomographic reconstruction and oblique reorientation were done using Auto-SPECT-Plus on JetStream (Philips Medical Systems, Milpitas, California, USA). Planar images were reconstructed by filter back projection with a Butterworth filter (order = 5 and cutoff frequency = 0.66). No attenuation correction was applied.
Data interpretation
Gated SPECT data were processed using quantitative cardiac software packages, and the LV myocardium was divided into 17 segments following the AHA/ACC/ ASNC guidelines. Summed stress score (SSS), summed rest score (SRS), and summed difference score (SDS) were calculated using the QPS software package (Cedars Sinai, Los Angeles, California, USA). Regional summed difference score (SDSr) was calculated for the three main coronary arteries, according to standard myocardial perfusion territories [12, 13] . Stress and rest wall motion score (WMS) and wall thickening score (WTS) were analyzed using the QGS software package (Cedars Sinai, Los Angeles, California, USA). Regional summed difference wall motion score (WMSr) and regional summed difference wall thickening score (WTSr) were also calculated. Myocardial stunning was defined as both ischemia and wall dysfunction within the same coronary artery territory (SDSr ≥ 1 and WMSr + WTSr ≥ 1). According to myocardial stunning and SRS, four subgroups were then generated: group 1, myocardial ischemia without stunning (SRS ≤ 3, 35 patients); group 2, myocardial ischemia with stunning (SRS ≤ 3, 38 patients); group 3, myocardial ischemia and infarction without stunning (SRS > 3, 20 patients); and group 4, myocardial ischemia and infarction with stunning (SRS > 3, 20 patients).
End-diastolic volume (EDV), end-systolic volume (ESV), and EF were analyzed using QGS. Transient ischemia dilation was measured by QPS. LVMD parameters [characterized by phase SD (PSD) and phase histogram bandwidth (PHB)] were measured with Emory Cardiac Toolbox (Atlanta, Georgia, USA).
Coronary angiography
A total of 35 patients underwent coronary angiography within 3 months after gated SPECT MPI. At least two orthogonal views were obtained and the projection, showing the most severe stenosis was used for quantitative coronary measurements. Considering the mean proximal and distal reference diameters, the percentage lumen reduction was calculated offline by two experienced investigators. Multivessel CAD was defined as more than two main coronary arteries presented with stenosis more than 70%, and single-vessel CAD was defined as only one main coronary artery presented with stenosis more than 70%.
Statistical analysis
Continuous data were expressed as mean SD and categorical data as number and percentage. Differences in baseline characteristics were analyzed by unpaired student tests (continuous data) or χ 2 -tests (dichotomous data). Nonparametric correlation (Spearman correlation) was used to study the relationship between SSS, LVMD, WMS, and WTS. The paired t-test was used to compare the changes in PSD, PHB, EDV, ESV, and EF from rest to stress in each group. The area under the receiver operating characteristic curves was determined to assess the performance of myocardial stunning for multivessel CAD detection. A P value of less than 0.05 was considered statistically significant. All the statistical analysis was completed using SPSS 13.0 (SPSS Inc., Chicago, Illinois, USA).
Results
Among 35 patients with coronary angiography results, 15 patients had multivessel CAD, and 20 patients had singlevessel CAD. According to the definition, myocardial stunning was more seen in the multivessel CAD rather than the single-vessel CAD (12/15 vs. 6/20, P = 0.006). Moreover, the sensitivity and specificity for multivessel CAD detection was 80 and 70%, respectively. The area under receiver operating characteristic curve was 0.75 (P = 0.012).
Of the 113 patients included in the study, SSS ranged from 8 to 37 and SDS ranged from 4 to 32. There were 58 patients who had myocardial stunning and 55 patients did not. One example of myocardial stunning is illustrated in Fig. 1 . Baseline characteristics of the patients are shown in Table 1 , and there was no significant difference between the nonstunning and stunning group except SDS, the rate of positive treadmill test, rest EF, and transient ischemia dilation. There was a moderate correlation between SSS, stress WMS, and WTS. Similar moderate correlations between SSS and stress LVMD were observed. A good correlation between stress WMS and WTS was also seen ( Among 38 patients in group 2, 29 patients had myocardial stunning covering only one main coronary artery territory [13 in the territory of left anterior descending coronary artery (LAD), six in the territory of left circumflex artery, and 10 in the territory of right coronary artery]. Among them, PSD and PHB were significantly larger during stress than during rest in patients with myocardial stunning in the LAD territory rather than in the left circumflex artery or right coronary artery territory (15.36 5.91 vs. 10.04 3.08 An example of patient with myocardial ischemia and stunning in the LAD territory. Both the territories of LAD and LCX have myocardial ischemia, but reduced dyskinesis only appears in the LAD territory. LAD, left anterior descending coronary artery; LCX, left circumflex artery; RCA, right coronary artery. 
Discussion
To our knowledge, this is the first study to directly assess the influence of myocardial stunning to the changes of LVMD parameters between stress and rest gated SPECT MPI. The main finding of our study is that LVMD parameters deteriorate with myocardial stunning especially when there is no myocardial infarction. Moreover, for the first time, diastolic LVMD parameters from gated SPECT MPI were analyzed in the occurrence of myocardial stunning. Our results suggested that diastolic LVMD parameters also deteriorated with myocardial stunning. It is noteworthy that myocardial stunning in the LAD territory seems to have the most effect on LVMD.
Left ventricular mechanical dyssynchrony and myocardial stunning
The definition of myocardial stunning is various among different studies. Both global and regional LV function parameters have been used as a predictor, such as reduced EF [14] , enlarged EDV or ESV [7] , and decreased WMS [15] [16] [17] or WTS [17] . Sensitivity and specificity are different among these indices for myocardial stunning detection. Santiago et al. [17] demonstrated excellent agreement between WMS and WTS, and suggested that both methods be used, thereby avoiding the potential limitations that were occasionally experienced in postcoronary bypass patients. In this study, we used both WM and WT to analyze the regional LV function (WMSr + WTSr > 1), and had 51% (58/113) of patients with myocardial stunning 60 min after exercise test.
The prevalence of myocardial stunning is also influenced by the different characteristics of patients enrolled in different studies. In the study by Ward et al. [15] , patients with positive treadmill test results were enrolled. With a mean acquisition time of 54.7 min, 12 of 27 (44%) patients had myocardial stunning. Tanaka et al. [18] reported myocardial stunning in 16% of the total patients, but in 56% of the patients with mild-to-moderate ischemia, and in 100% of the patients with severe ischemia. The stress acquisition time in their study was more than 30 min after injection. In this study, we deliberately selected patients with moderate to severe ischemia (SSS ranged from 8 to 37 and SDS ranged from 4 to 32) for the purpose of myocardial stunning analysis.
As another global LV function parameter, LVMD from SPECT is evaluated by the well-established phase analysis technique, which measures the amplitude (systolic WT) and phase from the regional LV count changes throughout the cardiac cycle as obtained from gated SPECT MPI [1] . It can reliably characterize the changes of LVMD when myocardial stunning is present. As mentioned before, we demonstrated that LVMD deteriorated with myocardial stunning. 
Left ventricular mechanical dyssynchrony and myocardial infarction
Previous studies have demonstrated that LVMD correlated with scar burden [19] . In recognition of this, researchers have utilized separate cutoffs for scar and dyssynchrony to identify cardiac resynchronization therapy responders. Ludwig et al. [20] found that LVMD characterized by PSD could be spuriously increased by scar. In prior studies, both fixed defect and normal pattern of MPI predicted reduced LVMD parameters during early stress imaging [3, 4, 6] , which was on the opposite of ischemia pattern. We observed the same trend of LVMD in the group of myocardial infarction without stunning. However, when myocardial stunning existed, LVMD parameters tended to increase during stress. In this condition, LVMD was actually affected by both myocardial stunning and myocardial infarction in the opposite direction, but by myocardial stunning the most.
Left ventricular mechanical dyssynchrony and coronary artery
Huang et al. [21] first demonstrated the relation between early poststress dyssynchrony and angiographic CAD One example of LVMD changes in patients of group 2 (myocardial ischemia with stunning). PSD and PHB of contraction were deteriorated during stress than during rest (29.4 vs. 15.5 and 82 vs. 46). HLA, horizontal long axis; LVMD, left ventricular mechanical dyssynchrony; PSD, phase SD; PHB, phase histogram bandwidth; VLA, vertical long axis. using 201 Tl gated SPECT MPI. In their study, patients with severe multivessel CAD had significantly more global and territorial dyssynchrony at stress than at rest. Huang et al. [21] further found that LAD stenosis had a higher effect on dyssynchrony than the stenosis in other coronary arteries. In our study, myocardial stunning of the LAD territory also had the most effect on LVMD. The mechanism may be that LAD generally supplies blood to a larger LV territory than other vessels, especially the septal area. In the absence of CAD, patients with left bundle branch block often have diminished myocardial perfusion at the septal area. On the contrary, cardiac resynchronization therapy can restore ventricular septal myocardial perfusion in patients with nonischemic cardiomyopathy presenting with left bundle branch block [22] .
Clinical implications
Comparison of LVMD during stress and rest may provide additional nonperfusion markers of CAD, especially for balanced ischemia of multivessel CAD. As reported by Huang et al. [21] , patients with severe multivessel CAD had the worst LVMD at stress than at rest. In our study, LVMD deterioration was more often seen with myocardial stunning, which was related with multivessel CAD. Furthermore, when coupled with perfusion defect scores, worsening LVMD may provide incremental prognostic information as reduced EF during stress [23] . In prior studies, the prognostic values of LVMD have already been demonstrated in patients with end-stage renal disease [24] , LV dysfunction with CAD [25] , and nonischemic cardiomyopathy [26] .
Study limitation
First, different types of stress tests have been reported to result in myocardial stunning such as exercise, dipyridamole, and adenosine. Perfusion abnormalities during dipyridamole or adenosine stress reflect heterogeneity of coronary reserve, which may not be considered as true ischemia. In this study, we only analyzed the changes of LVMD under exercise test. Further studies should be conducted to assess the effect of types of stress on LVMD parameters. Second, LVMD parameters were slightly increased with myocardial stunning in the infarction group. We did not know if this kind of change would also be seen in patients with heart failure with severe low EF, such as 20-40%. Third, LVMD parameters based on gated SPECT MPI varied among software programs [27] . Whether the same results can be demonstrated using other software packages is not clear. Finally, not all patients had coronary angiography, which may lead to systemic bias of statistics. However, the value of myocardial stunning for multivessel CAD detection has been reported elsewhere [28] .
New knowledge gained LVMD parameters deteriorate with myocardial stunning especially when there is no myocardial infarction. For the first time, diastolic LVMD parameters from gated SPECT MPI were analyzed in the occurrence of myocardial stunning. Our results suggested that diastolic LVMD also deteriorated with myocardial stunning. Noteworthy, myocardial stunning in the LAD territory seems to have the most effect on LVMD.
Conclusion
Both systolic and diastolic LVMD parameters deteriorate with myocardial stunning especially when there is no myocardial infarction. This kind of change may have incremental values to diagnose CAD.
